Abstract-We report here a langasite SAW device suitable for sensing temperature and oxygen concentration, with applications such as monitoring the exhaust of oxy-fuel combustion systems. In this paper we report on the observed temperature dependence of oxygen sensitivity, explain the mechanism for this behavior, and present a scheme for temperature compensation.
INTRODUCTION
Langasite (La 3 Ga 5 SiO 14 ) surface acoustic wave (SAW) devices have potential applications in harsh-environment sensing. Important applications include exhaust gas oxygen sensors for the control of oxy-fuel combustion systems. In such combustors it is possible to achieve a nearly pure carbon dioxide exhaust suitable for geologic sequestration. In this application oxygen sensing in the temperature range from 500 to 1000 ºC is needed. Langasite SAW devices have been operated as resonators up to 1000 ºC [1] ; langasite SAW sensors for H 2 and C 2 H 2 gas have been operated up to 550 °C [2] ; and wireless temperature sensing has been demonstrated up to 850 °C [3, 4] . Here we report recent results obtained for langasite SAW oxygen sensors. We particularly focus on the temperature dependence of these sensors, and a method for reducing the impact of temperature flucuations on gas sensing.
II. TEMPERATURE AND GAS SENSING
The SAW sensors considered here utilitze the electroacoustic effect, where a conducting layer near the piezoelectric surface influences the surface wave velocity. Gas sensing is achieved by using a layer with a conductivity that depends on the gas concentration. The most suitable conducting layers for this high-temperature application are metal oxides, which exhibit a semi-conducting behavior with conductivity dependent on the oxygen defect concentration. In metal oxides with predominant electron conduction, a reversible reaction occurs with gas-phase oxygen of the form (2) where E A is the activation energy for conduction, kT is the thermal energy, and 2 O P is the oxygen partial pressure.
Increasing conductivity of the sensing layer decreases the surface wave velocity, as the redistribution of charge in the sensing layer reduces the stored energy in the electic field above the surface, reducing the piezoelectric stiffening. The change in velocity can be predicted analytically; Figure 1 shows the calculated change of surface velocity for a (0, 138.5, 26.6) langasite SAW device. It is apparent from Figure 1 that significant velocity changes are only obtained for a limited range of sensing layer conductivity. As the conductivity is thermally activated according to (1), a particular sensing layer will have a limited temperature range where it exhibits useful response. Further, changes in temperature will also cause a change in surface wave velocity. We focus here are removing the impact of small temperature changes on the surface wave velocity. We will also determine the temperature range over which on particular sensing layer is useful. In a practical sensor, the temperature and oxygen concentration need to be measured independently; this will be addressed in future work.
III. EXPERIMENTAL
SAW devices used in this work were fabricated on 76 mm diameter, 0.5 mm thick langasite wafers (Roditi International, UK) with Euler angles (0, 138.5, 27) using a lift-off technique. The metallization was e-beam deposited and consisted of 100 nm platinum with 10 nm titanium as an adhesion layer.
The SAW devices used in this work have the transmitter located in the center with open reflectors were located on two sides. The IDTs had 2 µm finger widths and gaps, yielding an 8 µm surface acoustic wavelength and a center frequency of 334 MHz at room temperature. For gas sensing, A 200 nm ZnO sensing film was deposited by reactive RF sputtering from a Zn target at a pressure of 4 mT and RF power 50 W, in 25% O 2 / 75% Ar. ZnO was masked from the IDT terminals using Mylar tape. The SAW device was then spin coated with polysiloxanes (IC1-200 and DC4-500 from Futurrex, Inc.). The polysiloxanes film was partially removed using a cotton tip with acetone and then annealed in air at 400 °C for 30 min to form a 100 nm SiO 2 insulating film on the IDT transmitter and terminals region.
XRD characterization of the sputtered ZnO film showed a wurtzite structure with a 30 nm grain size. In some experiments temperature sensing was performed at the same time using a second SAW device with longer path lengths, so that its reflections were not coincident with the first reflections of the gas-sensing device.
The SAW device(s) were placed in a furnace (Lindberg STF55433C) with computer-controlled gas flows. Connection to the measuring electronics was made using shielded thermocouple wire as a transmission line, connected to the SAW device using fine thermocouple wire and conductive ceramic paste. Measuring electronics consisting of a National Instruments (NI PXI-5670) and a vector signal analyzer (NI PXI 5661) [5] was used to measure the phase changes resulting from temperature and/ or gas concentration changes. Measurement of the phase changes requires a reference pulse; this reference pulse consisted of either another SAW reflection or the attenuated exciting pulse.
We first discuss separate measurements of temperature and gas concentration. Figure 2 shows the extracted effective velocity change as a function of temperature. The velocity decreases monotonically with temperature, consistent with previous reports [4, 6, 7] . The effect of oxygen concentration was examined by measuring the phase change between \the exciting pulse and a reflection normalized for a 1 μs propagation time. The oxygen concentration was changed in a stepwise fashion with the balance of the gas being nitrogen. The oxygen concentration was varied by changing the mass flow controller setpoints while keeping the total mass flow constant. Figure 3 shows the results for three temperatures, where the phase changes consistent with n type conduction in the ZnO. While the phase changes are consistent with velocity changes due to the electroacoustic effect, they could also be caused by temperature variations in the furnace due to imbalanced gas flow. This is a particular concern at lower temperatures where the observed phase changes are small. The influence of small temperature variations can be removed by simultaneously measuring SAW reflections on two propagation paths, one with and one without without a ZnO sensing layer. This can be achieved by patterning the sensing layer so that some reflections are not influenced by the change in sensing layer resistivity. Alternatively, two separate SAW devices can be connected in parallel, one with and one without a ZnO sensing layer (Figure 4 ). In this case the SAW devices must be different so that the reflections are distinguisable.
Bare langasite SAW Temperature sensor
ZnO/langasite SAW O 2 sensor Figure 4 . Two langasite SAW devices connected in parallel, one with and one without a ZnO sensing layer. Figure 5 shows the observed reflections for two SAW devices connected in parallel at room temperature. Here the second series of reflections are from the temperature-sensing SAW device without a ZnO sensing layer. These reflections are strongest despite the longer path length; this is because the ZnO sensing layer causes additional attenuation [5] . Figure 6 shows uncorrected phase measurements for the oxygen and temperature sensors (top two traces) and measurements compensated for temperature variations (bottom trace) at 650 ºC. Temperature compensation is achieved by subtracting the gas and temperature phase change measurements normalized for the propagation time. The data from the temperature sensor shows small perturbations (± 0.5 ºC) due to the gas flow switching. Removing these small perturbations shows that most of the phase change of the O 2 sensor was indeed resulting from the gas sensing layer. Gas sensing performed over a wider range of temperature is presented in Figure 7 . Data for 650 C and above has not been temperature-compensated due to failure of the temperature-sensing SAW device. Oxygen sensing however has been achieved up to 700 C.
This data shows clearly that sensing with a ZnO layer can only be performed over a limited temperature range. As shown in Figure 1 , a significant change in propagation velocity is obtained only for a limited range of sensing layer conductivity. Due to the exponential dependence of conductivity on temperature, a peak in the sensitivity is expected at an intermediate temperature. The peaked behavior for the sensitivity as a function of temperature is an important issue in sensor design. In order to acheive accurate sensing over a range of temperature, sensing layers with little dependence on temperature are preferred. Recently some mixed-oxide sensing layers have been investigated that have reduced temperature sensitivity [8] . Even in this case, the activitation energy is not exactly zero so simultaneous temperature measurement will still be needed.
Finally, we consider the issue of sensor stability. In early experiments, we evaluated the oxygen sensing as a function ot temperature at steadily increasing maximum temperatures of 630, 700, and 750 C. The total phase change resulting from an oxygen concentration change from 0.25% to 80% is plotted in Figure 8 for these three series of measurements. We see that the peak sensitivity shifts to lower temperatures with increasing temperature exposure. This change is consistent with increasing grain size in the ZnO layer, resulting in higher conductivity (increase in the factor A in equation (1)). In a subsequent series of experiments (not shown) closely similar results were obtained in three series of measurements. This suggests that the response of the sensing layer is stable when operated below the maximum anneal temperature.
IV. CONCLUSIONS
We have reported here on a langasite SAW sensor for simultaneous measurement of temperature and oxygen concentration. The sensitivity of the propagation velocity resulting to oxygen concentration depends on temperature because of the thermally activated conductivity of the sensing layer. As a result small perturbations in temperature will cause a change in the measured phase shift even if the oxygen concentration is constant. This effect can be minimized by using two SAW devices or two propagation paths, one with and one without a sensing layer.
We have also observed that the gas sensitivity can be influenced by aging of the sensing layer. This effect appears to be reduced when sensors are annealed at higher temperatures than used during operation.
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